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JOUKOWSKI WINGS
By V. Margoulis.

From "L'Aeronautique," August, 1931.
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JOGEKOWSEI WINGS.*
By W. llexgculls.

Professor Joukowskl éled in Moscow &t the age cf 73 vears.
Death overtook him at & time when resoent experiments had just
confirmed his theoriela with regard to supporting wings and dewoxn-
strated the resmaerkabvle properties of the wing seotions he had
propoged. It is this oconfirmatlon of the theories of my teacter
and +their importance fron the standpoint cf aviation thet I pro-

pcas to sat forth ia ths present axtliole.

Ths GBttingen laborstory has just published** the results of
its 'tests cf numerous wings, made elthsr by tke ordinary motiod
wlth modsls 300 X 1000 tm. , with a veloclity of 30 m/sec, or with
models 500 X 1500 mm placed between two vertical walls, at weloo-
itiss of 10 to 40 nmeters per second. The first serles of tests
wwore made wilth about a hundrsd dlifferent wing sectiona, the seo-
ond with only =six.

Fig. 1 glves the sections of the Joukowskl wirgs, mimbered
4233-435, also Wo. 358 (iikewise a Joukowski wing), and Ko. 3S0.

s

* From "L'AsTonautique,™ August, 1231.

** Prandtl, Wieselsberger and Betz, "Ergebulsse der Asrodynsmiscn-
en Versucheanstalt zu GBitingern," I Lieferung (First Repor: of
CGh¢Lingen Aerodynanic Leboratory), rp. 54~72. Figs, 1-3 wore taker
fron the akove worl,
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Fig, 3 givas the pclars of ﬁings 4232-435 obtained from the
300 X 1000 mm mgdela at 3 m/sec. Aspect ratio is 5. Fig. 3 shows
the results obitained with wings 358 and 390, both between parallel
wails, with velocitles of 10, 35 and 40 m/eec, and also by the
ordinary method, at 10 and 30 m/sec. Aspeci ratio is 6.

Prandtl's theory of the induced drag made it possible to de--
texrine the theoretiocal aspeot ratio (which was 4,1) of the sur-
faces tested between two walls and to redace thae results to the
aspect ratio 5. The polars, obtained by the two methods with the
sane Reynolds numbers, agree well, espeolally for wing 390, thus
justifying the method of ocalculating the theorstical aspsct ratic.

The results of the Gbittingen tests on aerofolls, in oonse-
quence of which experiments have been made with Reynolds numbers
nigher than any heretofore realized, throw new light on a subject
which until recently was somewhat wmknown, '

Ye will £irst reoz2ll the conclusions reached only a few
zontha ago, when we examlned the results of aerofoil testis made
with a product V1! of the Reynolds mumbsz equal to 1 m®/seq.*

1. A comparison of the polars of thin wings (maximum relative
thicknegs less than 10%) gbiowed that they were drawn on the sssump—
tion of a parabolic curve parallel to the rarabola of the induecsd
drag. The sectional drag indicated by this curve was practiocally
constant and slightly grsater than thes drag due to frioction alone.

The polars of the thin flat wings followed the curve for small

* Sse our artiole "L'Adrodynamique experimentale en 1830: Les
Voilures," in the January, 1921, number of L'Aédronautique,




-3 =

11f%t aoefficlents end diverged from it for large lift coefliocients,
giving = rather srmell meximum O,. Tke polars of thin cambered
wiags olossl: followed this ocurve for large 1ift coeffioisnts,
saowing & higk maximum value of G, but differing appreciably
J2om tne curre for small 1ift coefficisrts. Whatever the cambex
of tke wirg, its polar closely followad the 1idesl ourve within
ralatively narrow limite of thellift coefficients.

2, Ar examination of the ourve of the polare of wings of av-
srage thickmsss (10 to 15%) makes it possible to demonstrate that
" tas sectlonal drag of thls curve was greater than that of the
curve for thin wings, but that (a very important faot) the polars
of certaln cambered wings of average thickness followed the ideal
, ourve throughout very broad limits of the 1ift ocoefflolenta. An
| inoreass in thlcokness tended to eliminate the deflection for emall
1ift coeifliclents,

3. Lastly, the sectional drag of the ideal curve of the pol-
ars of thiock wings (over 15p) was apprsciably greéter tkan tkat
of the ourve for wings of average thioxness. There waa likewise
denonstrated for the polars of tﬂese wings a tendenoy to follow
the ldeal curve closely, although in a less degrse, chiefly on
aosount of the defleotion for large 1ift coefficients.

To sum up, thin wings practiocally realize (though within very
narrow limits of the 1ift coeffiolents ard varyiﬁg for the differ-
ent wings) the ideal flow without deflection of the alr stream.
Uings of avsrage thiokness do not realize this flow without de-
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flectlon, but spproximate it within very bBroad 1ift limiys.
Lastly, thiock vings diverge oonaiderably from the ideal flow.

. From the praotioal point of view of the choice of the wing
seotion, this state of affairs; that 1s, of the non-exlstence of
one wing seotion superior to all others for ell 1ift coefflclents
had led uvs to a method based on a rapid determination of the pex-
formances of airplanes with different wing surface areas, corres-—
-ponding to the imposed conditions, maximum speed for a given ceil-
ing for military alrplanes or maximum flylng speed for & glven
landing spesd for traffioc airplanes. For certain military air-
planes, howsver, the condltions imposed led to the consideration
of the minimum landing speed.

In the above-cited article, we had bsen led to recommend
thin flat wings for military airplanes and wings of averagze thick-
nees and camber, espeoially the d&ttingen wing No. 185, for com-
merclal airplanes. ,

Te had long insisted, however, on the uncertalnty of lebora- '
tory results obtalned with such low values of the Reynolds numberé
In fact, recent experiments in the GBttingan laboratory, with valj

ues for vl of 6 to 34 m® : seo, gave results very different ‘

from ths former ones.
We shall ocomsider in detaill the conclusions whioch may be
drawn frol these new experiments, -and we shall add former experi-
"ments at the G3ttingen laboratory on four thin wings between ver-
tical walls, for vi = 30 m® : gseo (See "Zeitachrift fliir Flugteo:-
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nik und Hotorlufiscaiffahrt," Hay 31, 1919, "Ahnlichkeiten an
Filigelprofilen," by H. Kumbruch.) - |

1. As regards thin winge, we find fow changes. The sectioral
drag of the 1deal curve of their rolars 1a slighily diminished,
but the deflection of the air stream for emall.lift coeffiolents
for ocambersd wings and for large 11ft ooefficlents for flat wings
always persists. However, it seems possible to avoid fhe deflec-
tion for emall 1ift coefflolents of a thin wing of average ogmber,
by raising its tralling edpe (See wing 393, which is the famous
Lanier-Lawrence).

3. Wings of average thickness gain the most by 1ncreasihg the
value of the Reynolds number. For vi = 6 m® : sec, the ideal
ourve of thelr polars coincides practically, and for vi = 34 o
sec exactly, with the curve of the polars for thin wings.

Furtherrors, the polars of some of these wings, especially
those of the Joukowski wings (Wos. 430 and 358) coinoide perfectly
with this curve. The inorease in the value of the Reynolds number
aliminated the deflectlon of the air stresam and produced & rerfect
flow for all 1lift coefficients. Filg. 3 olearly shows the disap-
vearance of the deflection of the air stream for both small and
large 1ift coefficients proportional to the increase of vi.*

3. For th;gk wings, we find a deflection for large 1ift coef-

fioients lesding to small meximum values of O,. Moreover, this

* These results show onoe more the uselessness of "comparative!
tests witk small values of Reynolids number, since, under these con
ditions, a thin wing and one of average thickness can give equal
drags, whlle offering very different drags for high values of the
Reynolds number. S
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naxlmum vaiue of 'G&, instead of 3Inoreasing waen vl 1inoreases,

as happens for wing 358, dimirishes, as showrn for wing 390.

We oa;m;;adily Peroslive the importance of these ~esults.
For the first time in experimental aerodynaxics, we find ouraselv.ss
in ths »resence of a serieé* of wirgs superior to others for ail
iift coeffioients. .

From the praoticel point of view in choosing a wing seotion
for an airplane, they lead *o the adoniion in all cases, of wings

of average thiockness and camber, and vespeocially of Joukowski wings.

I+t is known that the theory of the Joukowski wings renders 1%
nosslble to determine the values of the 1lift scoefficient in terms
of ths angle of attack for certaln groups of wing seotions whose
charaoteristics he determined.

The Joukowski wings, tested in the Gottingen laboratory, =ll
belong to the same family, with ohord 1 (Fig. 4), obtained by rev-
resenting in the plan of the varisble complex { = £ + in by
me2ans of the transformation { = z +-£E, the cir&umferencea situ~
ated in the rlane 2z = x + 1y and passing ali through ithe poiht

x = -, Ore i1l find in the Frenoh translation of Professor

* For V1 = 8, wing 430 gives & pola= only slightly superior to that
of wing 358. 1I% is certain that for VI = 34, these polars will
contimie to te practically the mame, whence it follows that all the
intermediate wing ssctions will give the same polar.




-7 -

Joukowski'e work: "Bases tusorigues de 1l'Adronaritizue, L'Adrodrnen-
1gus," (Paris, Ceuthier-Villars, 1916, Chap. VI), the complste ex-
positlon of- tnls- tosory. - -

Professor Joukowskl epplied the above transformetion to the
cirsurferences whose ceaters are on the x-axils alone. He thus
obtalnad symeirical double convex ssotiors llke wing No. 439, fom
example,

Professor Blumenthal, after studying the pressure alstribu-
tion on Joukowskl wings, extended thls transformation to every
oirounference whoae central coordinates have posiiive valuss., He
characterized these sections by the values f and-ﬁ, fixing the
position of the center (Fig. 4).

The former of these valtes 1ls equal to twice ths mexi-um rel-
ative camber of the mean line of the wing. Thke latter charecter-
izes the maximum relative thaicknass % of the =wing,

5
)

4 =2.3 to 3.8 (7)

(For T~ C, the wing aaotions are arcs with ocambers egual to —)
One will find in Fig. 5 thase values for wings 358 and 432 3o
435. As regards wing 358, let us note that 1t was not deslignaed as
a Joukowskl wing. It sesms to oconmstitute a transformetion (by
rounding the tip Av) of wing 165, ioh alreedy poasesaed the ttin
ambared rsar positlon peouliar to the Joukorski wing seot*ona.
In fact, if a wing seouion 15 drawn from the data. of Fig. 5, 1%
will be rractlcaliy like No. 358.




-8.-
The valiue of the total 1ift P on a doubls convez wing of

infinite aspeot ratio, as given by Professor Joukowsikl, was

) P=3mnp bsV® sin B
ir whioch p is the density of the fluld, b +the radlus of the

transformed ciroumference, s the sparn, B the angle betwesen the

. direction of the wind and the ¢ axis.

In the genera.l ocase, we found for the value of tre 11ft,
P=3mp bs V¥ ain (aro tangi+ B ).

The equation for the 1lift ooefficient is

og = -stPV =3m {/1+(-¥\+ }

x s8in (a.ro ta.ng-l‘z: +B>

For comparing the theoretical wilth the experimental 11ft coei-

ficlents, we proceeded as follows:

1. We traced, in Fig. 5, the curve UN giving the valuss of

1

o'y = m % 35 = 3.7 eln (a.ro ta.ng.%+ ﬁ)

v

in terme of the angles (ai'o ta.ng{- + B,) carried on the absolssas.
3. Let oz and o be two correlative values of the angle of

" attack and of the 111’1; coefficient given by the tests on a wing

with en aspect ra.tio 5 the angle of a.tta.ok being measured with

" reference to the straignt line AA (Fig. 4) doubly tangent to the

bottom camber and making an angle &-Q with the § axis. It is
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known that +he angle of attack 0 (expressed in degrees), glvirg
the ooeffloient of 11t o, for a wing of irfinlte asreot ratle,
i3 related to -the--ongle- ¢4 by -the equation -~

: o . . )
=gy — —oBe x 280 _
Co=% "I x5 mw —f% — 3.8 o,

Consaquently _
arc tang f-+ B = arc tang-% + & + G - 3.84 0g.-

On the other hand, o in which o5 18 the exper-

e = % ks
imental value of the coefficlent of i1i1ft for the angle o . Ve
have indicated in Fig. 5 the values occrresronding to the tgsts
mede with wings 358 and 432 to 4356.

3. Fig. 8 givea the values of the ratios of the experimental
to the theoretloal coefficlient of 1ift in terms of the seotional
drag of the same wings,

These two figures lead us to the followlng ooncluslons:

a. Tha.experimental coefficlent of 1ift anproaches the
theoretical cosfficlent of 1lift in the same prcportion as the total
drag approaches the frioctlonal drag or, 1n other words, as the

flow takes place without deflection.*

* According to the G8ttingen tests, the coeffioient of *rio*ion for
surfaces of fabric with six coats of dope, wovld be

16 K¢ (kg/22/m : sec) = og = 0.0375 N©7°

N being the Reynolde number, equal to the ;-roduct of the velooity
times the chord, divided by the kinetic -cosfficlent of viscosity

(whiok 1s 1%;: m®: sec for air at 15°C and 760 mm Hg). Ve thus
find for:

Vl AP 3 8 1E 34 - m® ! seo.
cenrees  0.00636 0.GC0b4 0. 0047 0. 00437

(Contd. p. 10)
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Y. For the highly cambered wlng wlin the angle

the coaffioiént of 1ift, in spite of a very great seotional drag.
spproackes the theoretioal-ooefficient of lift zmoh more closely
than with the angles of 5.3° to 8.2°, This indioates a change in

o flow whiol may 11kewi§e be observed for meny other wings test-
ed at Gdttingen and especially for tae very thiok wing 331, for
whioh a nezZaiive value of the 1lift coeffisclent was found with tke
angle of attack a, = - 13° and positive values of tke 1lift ocosf-
Ziclent with smaller angles of attack of -13° and -16° This
phenomerpn 1z probably analogous to that produced with large pos-

itlve angles of attack, as shown by a comparison of wings 383 and
383 or of 387 and 386.

. For VI =6 m? : seo, ti2e mean ratio of *he coeffiol-
ents of lift is 0.77, insofar as there 1s no appreciable deflec-
tion, and excepting wing 4239. -

d. For VI = 34 m® : sec (wing 358) and for wing 439 with
amall 1ift coefflolents, this ratio is 0.91.

3. It 1s probable that, for values of V! below 34, ths ac-
tual flow still more oloseiy epproaches the theoretical flow.

we thus sse the reason which prevented Professor Joukowski

* Contd. from v.9)

If the ssctional drag were due simply to f£riction and if the
veloolty were unlform over the whole surface, the ococefficlent of
the sectionsl drag (Cqo) would equal twice the coefficient of
friction. It 1s found, however, for oartain wvery thin doubls con-
vex wings, that the sectional drag is almost *wioce as emall as ths
friotional drag. . Thus, for wing 444, Chuo = 0.568, while
op = 1.08, whioh results require verifioa%ion.
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arnd Mr. Betz (Untersuchungsiner Schukowskyschen Tragfliche, Zeit-
gohrift fiir Flugteohnik und Motorlufischiffahrt, Seo., 34, 1915)
from drawing definite conﬁlusions from the theory of supporting
wings. In faot, the tests made by the former.in the laboratory
of the imperial techniocal school at Moscows, and by the latter in

' the GBttingen laboratory, were besed on too emall values of Rey-
nolds number and ied to defleotions w1£h small coefficlents of
112% and very high sectlonal drags.* (In Profassor Joukowski's
tests, the angles of zero 1lift cocefficlent always differed widely
Srom the theoretical values.)

To sum up, Professor Joukowski's theory of supporting winge
renders it possible to caloulate the coeffioclent of 1lft in terme
of the angle of attack, and Prandtl's coefficient of induced drag
and the cor-eotion of the angle of atteck in terms of the disposi-
tion and aspect retio of the wings. By adopting a sectional drag
equal to ths frilotional drag, we can very closely apprcximate, by
calculation, the elements of the resultant of an aerofoll with &
given seotion.** .

We are therefore sprroaching the solution of a problem whick
has troubled solsntists since the beginning of aviation. 12
A large share of the orsedit for this solution wilil revert to Pro-

2egaor Jouknr—skl.,. Thus the words of Helmholtz are verified.

* In Professor Joukowskl's experiments, for Gy = 0 to 130,

Cqo = 8 to i0, and in those of Mr, Betz, for a wing simllar to Wo.
35€ (Vi = 1.4), for Oy = O %0 130, Oy = 3 to 5, while wing 358,
for V1 = 3 glves Cpy = 1.5 %0 3. There is s dlsorevancy here,
whioh 1s expieined perheps by the oondition of the wirng surfad®,
but which siiould be investigated in order to determline whether 1t
is not due to the method of experimenting, wlth wing elements
pleced between two vertloal walls in & wind tunnel wlth ocontinuous
walls, thus rroduoing the flow of infinite aspect ratio.

** BSss next page.




“ 123 -

** Up to 1ift.coefficlents of 0.075 kgu®m : seo, wingh 430 ahd 368
give results which seem incapable of lmprorement. All further te-
searches should e devotad o devising waya,to avold deflections
at high ooeffiocients of 1ifi. From the 1atder point of view, so-
Jutions eimilar to that of Handley-Page appear promising. Let us
recall trat the theorv likswlise renders 1t possidble to trace the
ocurve of the ocenters of 1lift and let us, in thils conneotion, tumm
nur attertion to the shape of this ourve for wing 431, whioch, in-
stead of compriseing, as for all the other wings, a neutral branch
with positive coefficients of 1ift and & stable branch with neza-
tive coeffiolents of lift, oconsists, within the limite of the
tests, of a neutral branch and a stable branch wlth positive coef-
féciggts of 1ift and a neutral branch wlith negative coefflolents

of 1ift.

Translated by National Advisory Committes for Aeronautlos.
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435, Aspect ratio of wings is 5.
*‘pyre corri:sponds to thlis aspect ratio.
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